The edge illumination principle was first proposed at Elettra (Italy) in the late nineties, as an alternative method for achieving high phase sensitivity with a very simple and flexible set-up, and has since been under continuous development in the radiation physics group at UCL. Edge illumination allows overcoming most of the limitations of other phase-contrast techniques, enabling their translation into a laboratory environment. It is relatively insensitive to mechanical and thermal instabilities and it can be adapted to the divergent and polychromatic beams provided by X-ray tubes. This method has been demonstrated to work efficiently with source sizes up to 100 µm, compatible with state-of-the-art mammography sources. Two full prototypes have been built and are operational at UCL. Recent activity focused on applications such as breast and cartilage imaging, homeland security and detection of defects in composite materials. New methods such as phase retrieval, tomosynthesis and computed tomography algorithms are currently being theoretically and experimentally investigated. These results strongly indicate the technique as an extremely powerful and versatile tool for X-ray imaging in a wide range of applications.
INTRODUCTION
X-ray phase-contrast imaging (XPCI) makes use of the variations in the phase of the radiation exiting the sample for generating contrast. In conventional radiography techniques, which are insensitive to the effects related to the phase, the contrast arises only from absorption. By exploiting also the phase, XPCI is capable of visualizing low-absorption details, undetectable with a conventional radiography system, and it enhances the visibility of all the details in the X-ray image. 1 The real part of the refractive index * δ ∼ 10 −6 , which governs the phase effects, can be up to 1000 times larger than the imaginary part β, related to absorption, over a wide range of X-ray energies. This makes XPCI a valuable tool which could revolutionize X-ray science, 3, 4 with emphasis on the applications that aim to study weakly-absorbing samples.
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Several methods and techniques have been developed to implement XPCI: Bonse-Hart interferometry, 5 analyser based imaging (ABI), 1, 6, 7 free-space propagation (FSP) 8, 9 and grating interferometry (GI). 10-12 XPCI techniques were initially studied and developed at synchrotron facilities, where an X-ray beam with a high degree of coherence, both from the spatial and the temporal points of view, is available. It is worth noting that some of these techniques, as ABI, 13 FSP 9 and GI 14 have been applied with laboratory-based X-ray tubes. Several aspects, however, limited the translation of these methods into mainstream application and clinical environments, where it is practically necessary to relax the coherence requirements. The use of crystals automatically selects a narrow range of energies and thus enforces the use of monochromatic radiation which, in turn, leads to an inefficient exploitation of the available power. FSP tolerates well polychromatic X-ray beam conditions, but still requires a high degree of spatial coherence.
9 Those conditions are compatible with microfocal X-ray tubes which, however, still suffer an intrinsic limitation in the available flux, thus requiring very long exposure times. GI requires a very fine and stable alignment set-up, 15 and the aperturing and collimation of the source result into an inefficient exploitation of the available power of a given X-ray source.
Although edge illumination (EI) and coded-aperture (CA) systems take inspiration from ABI, where contrast is generated by operating a fine angular selection through a perfect crystal, it may appear that they share a superficial similarity with grating interferometry. It should be noted, however, that the Talbot self-imaging phenomenon is not exploited by the EI method or CA system. In addition, when used with rotating anode X-ray tubes, the CA systems do not require any aperturing/collimation at the source level. This is instead necessary with GI when switching from a Talbot to a Talbot-Lau configuration, a step which is required to implement this technique with conventional laboratory sources.
MATERIALS AND METHODS
The EI method was developed at the SYRMEP (SYnchrotron Radiation for MEdical Physics) beamline of the Elettra synchrotron in Trieste (Italy) in the late nineties. 16 The underlying principle consists in illuminating only the edges of the pixels of the detector and offers the possibility to perform an angular selection while being robust with respect to relaxed spatial and temporal coherence conditions. The EI method acts in fact as a fine angular filter but without requiring the use of crystals. By using a geometrical optics approximation, the basic principle can be explained as a result of small deviations in the paths of the X-rays translating into intensity variations, as the number of photons being counted can be increased (decreased) with the deflection into (out of) the active area of the pixel of the detector. The basic set-up for the implementation of the EI method at a synchrotron facility is sketched in Fig. 1 . In its essence, the beam is pre-shaped by means of an absorbing slit and the shaped beam is then aligned so as to hit the edge of a detector pixel. The sample to be imaged is placed between the slit and the detector. The representation in Fig. 1 typically extends in the direction orthogonal to the page and a two-dimensional image is obtained by scanning the sample in the vertical direction. The set-up of Fig. 1 can be extended to an array of slits (mask) so as to cover simultaneously a larger area, as depicted in Fig. 2 . For each beam pre-shaping slit there is a corresponding aperture on the detector, so that the EI method is implemented on every single row of pixels. We usually refer to this configuration as a CA system. The CA system can be adapted to be used with laboratory X-ray tube sources:
17 the pre-shaping mask and the detector have to be scaled in order to account for the beam divergence, as shown in Fig. 3 . It has been demonstrated theoretically and experimentally that CA systems are capable of efficiently performing XPCI with source sizes up to 100 µm, which are compatible with current clinical mammography units. 18 By covering a larger area with the mask and by using a two-dimensional detector, scanning is no longer necessary when using a CA system; however, dithering of the sample could be used if a finer sampling is required for a particular application.
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Commercially available detectors are routinely used in the two prototypes in our laboratory: an indirect detection passive pixel CMOS sensor with directly deposited structured CsI (Hamamatsu C9732DK), and a direct detection a-Se (ANRAD SMAM). The pixel sizes are 50 µm and 85 µm for the indirect and direct detector, respectively. The Hamamatsu detector exhibits a considerable spill-out of the signal in neighbouring pixels, which causes a degradation of the image quality for a CA system when a full mask is used. This problem can however be overcome by means of a slightly different mask design (line-skipped), at the expenses of the exposure time required to image the entire sample. 20 This kind of problem is not encountered for the ANRAD detector, where the spillover of the signal between neighbouring pixels is negligible for most applications. The two rotating anode X-ray tubes operational in our laboratories are a Rigaku M007, with a Mo target and a focal spot of about 70 µm, and an X-Tek source, which features a W target and a focal spot of about 50 µm.
Based on the EI method, robust phase retrieval algorithms have been developed that allow for quantitative non-interferometric XPCI. [21] [22] [23] Using two complementary positions of the pre-sample mask in a CA system it is possible to invert the signal arising from phase effects, while the contributions due to absorption remain unchanged. By means of two images acquired in those complementary positions, the quantitative differential phase image can be retrieved both in a point source approximation and when an extended source is used. 21 The EI method proved to be extremely sensitive when implemented with synchrotron radiation, enabling unprecedented angular resolution (≤ 2 nrad) 23 and the amplification of the phase-contrast signal at high energy (85 keV). 24 Quasi three-dimensional methods (tomosynthesis) have been developed and tested on several applications including breast imaging. Depth discrimination for XPCI images acquired with a laboratory based CA system have been demonstrated on numerical simulations and experimental data. The discrimination is achieved preserving the phase-contrast signal, leading to enhanced detail visibility in the plane of interest. 25 The EI method was also extended to computed tomography which allows, beside reconstructing the retrieved absorption and phase signals, the possibility of reconstructing a mixed phase and absorption signal, as it was shown by Diemoz et al.
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APPLICATIONS AND RESULTS
Laboratory based CA systems have been demonstrated to be potentially useful in security applications, 19, 28, 29 also thanks to the robustness of the method with respect to the increase of the energy of the X-ray beam. CA systems can in fact be used with laboratory sources operated up to 100 kV with acceptable exposure times.
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The contrast of the details in the experimental images produced at high energy was compatible with the value theoretically predicted on the basis of the behaviour of δ with the X-ray energy, with no additional image degradation mechanisms.
Cartilage imaging in murine models has been successfully performed 31 with a laboratory-based CA system. A thin (about 100 µm thick) cartilage layer was clearly visualized in a rat femur head, as shown in Fig. 4 . It is also Figure 4 . Laboratory based CA image of a rat femur head: the thin cartilage layer is well visible and a small defect in the cartilage layer is also detectable, as indicated by the white arrows.
possible to appreciate small defects on the cartilage surface, as highlighted by the arrow on the right-hand side of Fig. 4 . Most studies aiming at a studying osteoarthritis, and the effects of a treatment on its progression, are conducted on murine models, but they currently suffer from the lack of a technique capable of visualizing the thin cartilage layers involved. 32, 33 The effective visualization of murine cartilage layers, by means of laboratory-based CA system, offers the possibility to overcome this problem.
Composite materials are expected to play a key role in important industrial sectors as, for example, transport and energy. Their very nature (i.e. being composed of several layers) poses severe problems to testing methods, especially in terms of being able to detect fine defects or blemishes. An example is here reported in Fig. 5 . The small blemishes, which can be seen in the synchrotron radiation image recorded with the FSP technique ( Fig.  5(a) ), are undetectable in the absorption image acquired in the laboratory (Fig. 5(b) ). However, they become visible again in the image obtained with a laboratory-based CA system (Fig. 5(c) ). The horizontal lines in Fig.  5 (c) are artefacts due to defects in the mask prototypes which would be eliminated in a commercial system. In order to evaluate the potential of CA systems applied to breast imaging, a trial on ex-vivo samples has been conducted. The study encompassed about 100 human tissue specimens, affected by several types of tumours. We have preliminary evidence indicating that CA systems can produce enhanced detail visibility at doses that are compatible with clinical mammography. The full set of images is currently under review by a pool of radiologists in order to fully assess the clinical relevance of the trial.
CONCLUSION
Edge illumination and coded-aperture systems proved to be an extremely powerful and flexible tool for X-ray phase-contrast imaging, with applications over a wide range of fields such as medicine, material science and security. The laboratory-based CA systems built at UCL are actively characterized and optimized and intensive testing of applications is currently taking place, while novel methods for improving detail visibility and extending the technique to three-dimensional imaging are under exploration and test. On the one hand, edge illumination provides a very high sensitivity when implemented with synchrotron radiation and offers the possibility to amplify phase-contrast signals at high X-ray energies. On the other, coded-apertures systems can operate under relaxed coherence conditions, making feasible a translation of the technique into in an environment compatible with laboratory and clinic conditions.
